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Introduction {#sec001}
============

Rare earth elements (REEs), also known as "Industrial Vitamins", are widely used in numerous technological devices, such as superconductors, magnets, catalysts, and batteries\[[@pone.0124826.ref001]\]. The amount of REEs mined worldwide increased sharply from 50 kt/year in 1990 to 130 kt/year in 2010\[[@pone.0124826.ref002]--[@pone.0124826.ref004]\]. With the increasing use of REEs and inappropriate production and post-production treatments, rare earth-related contaminations have emerged in recent years and are leading to a series of environmental problems. For example, a single hybrid car contains approximately 15 kg of REEs\[[@pone.0124826.ref005]\]. The use of REEs in millions of tons of agricultural fertilizers annually causes the accumulation of these elements in soils\[[@pone.0124826.ref006]\]. Excessive amounts of REEs have been detected in human bodies due to the consumption of contaminated water. The toxicity of REEs to humans is similar to those of lead, cadmium and other heavy metals. The extraction of REE contaminants from our living environment is a critical challenge and is of great practical significance.

Sodium alginate (SA) is a natural hydrophilic colloidal polysaccharide with an abundance of free carboxyl and hydroxyl groups distributed along its backbone. SA is generally isolated from brown seaweeds and bacteria\[[@pone.0124826.ref007]\]. Because of its excellent gelation properties, SA has been widely used in the separation of metal ions from solution\[[@pone.0124826.ref008],[@pone.0124826.ref009]\]. Other advantages of SA include its stability, good biodegradability and non-toxicity. Interestingly, the gel particles can be formed when meeting the divalent metal ion (Ca^2+^,Ba^2+^), which makes the separation of SA more easy. One problem associated with particles is the low adsorption efficiency.

Poly-γ-glutamate (PGA) is a natural macromolecular polymer that is synthesized by several gram-positive bacteria from the genus *Bacillus*. PGA has unique physicochemical properties, such as film-forming ability, water-retention capacity, plasticity, and biodegradability\[[@pone.0124826.ref010],[@pone.0124826.ref011]\]. PGA has been widely used in the fields of pharmaceutical manufacturing, food processing, cosmetics production, protection of plant seeds, and water treatment. PGA is an anionic polypeptide produced via the polymerization of glutamates via γ-amide linkages\[[@pone.0124826.ref012]\]. Each monomer contains a carboxyl group that can chelate with rare earth ions, resulting in the adsorption of REE ions on PGA. However, because of the water solubility a stabilizer should be used to realize the recovery and separation of PGA-REEs from the liquid.

Previous studies have found that immobilization techniques, such as immobilizing polymers in carriers, can significantly improve the adsorption efficiency of biomaterials \[[@pone.0124826.ref013],[@pone.0124826.ref014]\]. In this study, PGA was creatively immobilized in SA gel. After batch experiments of ratio of SA and PGA, SA-PGA particles with a considerable adsorption capacity were produced. The adsorption rate was greater than 87.74% in a fairly high concentration solution of REEs (220 mg/L) and 99.83% in a low concentration solution (60 mg/L). Based on the study of the adsorption mechanism, dilute hydrochloric acid could regenerate the material.

Materials and Methods {#sec002}
=====================

Chemical reagents {#sec003}
-----------------

Rare-earth chlorides were purchased from the National Medicine Group Chemical Reagent Co., Ltd. (Shanghai, China). Sodium alginate was purchased from the Xi Long Chemical Co., Ltd. Poly-γ-glutamate powder (1000 kDa) was produced in our laboratory. Other chemicals used in this work were of analytical grade.

Preparation of the adsorbent {#sec004}
----------------------------

Before the gel preparation, an orthogonal experiment was designed to obtain the optimal formula between sodium alginate and polyglutamic acid(See [S1 Text](#pone.0124826.s001){ref-type="supplementary-material"} and [S1](#pone.0124826.s002){ref-type="supplementary-material"}--[S3](#pone.0124826.s004){ref-type="supplementary-material"} Tables). 2g of sodium alginate was dissolved in 100 ml of deionized water under vigorous heating and stirring to obtain solution A. After cooling to room temperature, 1 g of poly-γ-glutamate was added to solution A. The solution was then constantly stirred to obtain homogeneous solution B. Next, an appropriate amount of solution B was drawn into a syringe and added to the CaCl~2~ solution (5%, w/w) dropwise at a height of 10 cm (5 drops/sec). Throughout the entire process, the CaCl~2~ solution was constantly stirred with a magnetic stirrer. Then, the gel particles were allowed to stand overnight to harden. Subsequently, excess Ca^2+^ and Na^+^ on the gel surface were removed by washing with a large amount of deionized water. Next, the beads were treated with 0.01% glutaraldehyde solution for 2 hrs. After washing, gels were freeze dried and stored at room temperature. SA gel particles (2%, w/w) were produced using a similar procedure.

Adsorption experiments {#sec005}
----------------------

Certain amounts of adsorbent were added into 50ml solution of rare earth ion in 250ml conical flasks, and the pH values of the solution were adjusted to desired values in the range of 2.0--7.0 using 6 M NaOH or 5 M HCl. The samples were agitated for 3 hrs in a rotary shaker at 150 rpm under appropriate temperature. Batch experiments were conducted separately to evaluate the effects of the initial REE concentration, adsorbent dosage, and pH of the solution. Studies on the adsorption kinetics and thermodynamics were conducted using La^3+^ and Ce^3+^ solutions. Samples were collected at specific intervals to measure the residual concentrations of La^3+^ and Ce^3+^. Ca^2+^ would release before the adsorption material saturated in the process of adsorption. These Ca^2+^ had no effect on the detection of residual R^3+^. All of the adsorption experiments were conducted in triplicate, and the average results were presented.

Determination of REE ions {#sec006}
-------------------------

Inductively coupled plasma-atomic emission spectrometry (ICP-OES, Varian, VISTA---MPXMPX, America) was used to determine the concentrations of the REEs. The operating conditions were as follows: power of 1.2 kW, plasma gas flow rate of 15 L/min, auxiliary gas flow rate of 1.5 L/min, nebulizer pressure of 250 kPa and pump rate of 15 r/min.

Data analysis {#sec007}
-------------

The adsorption capacity (*Q* ~*t*~) of the gel particles for REE ions was calculated using the relationship in Eq ([1](#pone.0124826.e001){ref-type="disp-formula"})\[[@pone.0124826.ref015]\]: $$Q_{\text{t}} = \frac{C_{i} - C_{t}}{M_{s}}$$

Additionally, the adsorption rate (*AD*) of REEs from the aqueous solution by the gel particles was calculated using Eq ([2](#pone.0124826.e002){ref-type="disp-formula"}): $$AD = \frac{C_{\text{i}} - C_{t}}{C_{i}} \times 100\%$$ where *Q* ~*t*~ is the adsorption capacity of the gel particles for REEs (mg/g), *C* ~*i*~ is the initial REE concentration (mg/L), *C* ~*t*~ is the REE concentration in solution at time *t* (mg/L), and *M* ~*s*~ is the dry weight of the gel particles (mg/L).

Adsorption kinetics {#sec008}
-------------------

The kinetics for the adsorption of REE ions was analyzed using two kinetic models: pseudo-first-order\[[@pone.0124826.ref016]\] and pseudo-second-order models\[[@pone.0124826.ref017]\]. Additionally, both of these models have a linear form. The pseudo-first-order Eq ([3](#pone.0124826.e003){ref-type="disp-formula"}) and pseudo-second-order Eq ([4](#pone.0124826.e004){ref-type="disp-formula"}) are generally expressed as: $$\lg(Q_{e} - Q_{t}) = \lg Q_{e} - k_{1}t$$ $$\frac{t}{Q_{t}} = \frac{1}{k_{2}Q_{e}{}^{2}} + \frac{t}{Q_{e}}$$ where *Q* ~*e*~ and *Q* ~*t*~ (mg/g) are the sorption capacities at equilibrium and at time *t*, respectively, and *k* ~*1*~ and *k* ~*2*~ are the pseudo-first-order and pseudo-second-order sorption rate constants ((g/mg)/min), respectively.

Adsorption thermodynamics {#sec009}
-------------------------

The Langmuir and Freundlich isotherm equations are generally used to describe the adsorption thermodynamics. After simplifying the equations, we obtain the following linear forms.

Langmuir isotherm equation: $$\frac{C_{e}}{Q_{e}} = \frac{C_{e}}{Q_{m}} + \frac{1}{Q_{m}K_{L}}$$

Freundlich isotherm equation: $$\ln Q_{e} = \frac{\ln C_{e}}{n} + \ln K_{F}$$ where *C* ~*e*~ is the concentration of REE ions at equilibrium (mg/L), *Q* ~*m*~ is the maximum theoretical adsorption amount (mg/g), *K* ~*L*~ is the Langmuir adsorption equilibrium constant (L/mg), *K* ~*F*~ is the adsorption capacity of the particles (mg/g), and *n* is the affinity between the particles and adsorbate.

Results and Discussion {#sec010}
======================

Adsorption conditions {#sec011}
---------------------

### Effect of initial concentration of REE ions on the adsorption {#sec012}

The results regarding the effect of initial concentration of REE ions are presented in [Fig 1A and 1B](#pone.0124826.g001){ref-type="fig"}. These results indicated that the adsorption of La^3+^ and Ce^3+^ exhibited similar behavior on these two gels. As the ion concentration increased, the adsorption rate decreased after a plateau period. In contrast, the adsorption amount increased in an approximately linear manner before the excess of adsorption sites. Moreover, note that the saturated adsorption amount of SA (57.82 mg/g) was only 35.47% of that of SA-PGA (163.02 mg/g). This result indicated that doping with PGA could greatly improve the efficiency for adsorbing REEs ions.

![Effects of the initial concentration of REEs, adsorbent dosage, and pH of solution on the adsorption by gel particles (Adsorption conditions: temperature 30°C; 150 rpm; and 3h adsorption time).](pone.0124826.g001){#pone.0124826.g001}

### Effect of adsorbent dosage {#sec013}

The effect of adsorbent dosage on the adsorption of REEs is shown in [Fig 1C and 1D](#pone.0124826.g001){ref-type="fig"}. The results indicated that adsorption rate improved with the increasing of adsorbent dosage. The adsorption amount decreased with increasing adsorbent dosage. When the adsorbent dosage was greater than 0.0562 g, the adsorption amount obviously decreased. Because there came a large amount of unloaded active sites on the gel beads\[[@pone.0124826.ref018]\]. At the lowest SA particle dosage, the La^3+^ removal efficiency was 17.62%, whereas at the highest SA particle dosage, the adsorption rate reached 39.88%. In contrast, these two data of SA-PGA were 44.05% and 99.70%, respectively. Thus, this result indicated that SA-PGA particles are a more effective type of adsorbent.

### Effect of the initial pH {#sec014}

The pH may be the most important parameter in the adsorption process because it can affect not only the surface charge of the adsorbent but also the degree of ionization and the speciation of the adsorbate during the adsorption process\[[@pone.0124826.ref019]\]. Normally, under low pH conditions, H^+^ will compete with rare earth cations for binding sites. Therefore, it is difficult for REEs to approach the adsorption sites. On the contrary, under basic pH conditions, more sites with negative charges will be exposed toward the adsorbate. Thus, REE ions with positive charges can be adequately attracted. However, under alkaline pH conditions, the REE ions will form hydroxide precipitates. The initial pH was adjusted to pH 2.0--7.0. [Fig 1E and 1F](#pone.0124826.g001){ref-type="fig"} show the influence of the initial pH on the adsorption behavior of the gel particles. When pH\<3.0, H^+^ had the dominant superiority compared with other cations. The interaction was weak between adsorbent and R^3+^. The concentration of Ca^2+^ reached about 64 mg/L. In pH4.0--5.0, main cations were H^+^, Ca^2+^ and R^3+^. Accompanied by the loss of dominance, Ca^2+^ released and R^3+^ were adsorbed.

### Mixed adsorption {#sec015}

Under natural conditions, REEs exist in a mixed state. Therefore, it is necessary to investigate the selectivity of REEs on SA-PGA gel particles. To determine the optimal adsorption conditions, response surface experiments based on single-factor tests were conducted under the following conditions: initial concentration of REEs, 220 mg/L; adsorbent dosage, 0.0562 g; pH 5.0; 150 rpm; and 30°C. In the single solution of 15 rare earth elements ([Fig 2A](#pone.0124826.g002){ref-type="fig"}), the adsorption amount for scandium was obviously smaller than those for the other rare earths. Because the essence of adsorption is electrical neutralization between negative and positive ions. The number of active sites combined cations is limited. But the relative atomic mass of Sc is much smaller than other rare earth. The selective difference among the 15 types of elements was not significant. In the mixed adsorption([Fig 2B](#pone.0124826.g002){ref-type="fig"}), these was a weak trend: adsorption amount of light rare earth was more than heavy rare earths. The high adsorption of Sc might result from the competition between Sc and adsorption sites was stronger than other rare earth ions in mixture solution. Comparing the two types of adsorption, the adsorption amount in the single solution was approximately equal to the sum of the adsorption amount of each element in the single solution. This material was more suitable for enrichment and recovery of mixed rare earth ions.

![Selective adsorption experiments of REEs: (a) single solution, (b) mixed solution.](pone.0124826.g002){#pone.0124826.g002}

Material characterization {#sec016}
-------------------------

### Infrared Analysis {#sec017}

The FT-IR spectroscopy (Bruker Spectrophotometer TENSOR 27, Germany) results are shown in [Fig 3](#pone.0124826.g003){ref-type="fig"}. Some characteristic vibrational modes of SA are 3426 cm^-1^ *ν* ~(C-OH)~ and 1626cm^-1^ *ν* ~as(COO-)~, which are assigned to stretching vibrations of the carboxyl group\[[@pone.0124826.ref020]\]. There are two new absorption peaks attributed to 1615cm^-1^ δ(-OH)+ν(COO^-^)~asym~ and 1419cm^-1^ ν(COO^-^)~sym~ in SA-PGA. Under normal circumstance, absorption peak of carbonyl ~(in\ COOH)~ should appear at 1700--1725cm^-1^. From the view of coordination chemistry, the type of carboxyl in SA-PGA gel was a single-tooth ligand with Ca^2+^. [Table 1](#pone.0124826.t001){ref-type="table"} shows the main vibrational modes for adsorbents. Compared with the SA spectrum, that of SA-PGA gel showed a new absorption peak at 1126cm^-1^ attributed to ν~(CN)~. This suggested that PGA was successfully immobilized in the SA gel. The other peaks of the SA-PGA gel exhibited no difference with respect to those of the SA gel, which indicated that PGA was very likely fixed through a mode of non-chemical interaction, such as electrostatic attraction or hydrogen bonding\[[@pone.0124826.ref021]\]. After the adsorption of La^3+^, the peak at 1615 cm^-1^ attributed to δ~(-OH)~+ν~(COO-)asym~ had shifted to a stronger wavenumber 1629cm^-1^. It showed that carboxyl in SA and PGA participated in the coordination with REEs ions. Moreover, 1733cm^-1^ assigned to ν~(C\ =\ O\ in\ COOH)~ absorption peak only appeared in SA-PGA-La-HCl spectrum. It showed that free-COOH transformed into-COOCa in the process of preparing SA-PGA gel. This result suggested that the carboxyl group coordinated with the rare earth ions both in SA and PGA. The adsorption mechanism was likely to be cation exchange between-COOCa and R^3+^.

![FT-IR spectra of SA, PGA, SA-PGA, SA-PAG-La, and SA-PGA-La-HCl gels.](pone.0124826.g003){#pone.0124826.g003}

10.1371/journal.pone.0124826.t001

###### Assignment of the main vibrational modes.(C~HCl~:0.1mol/L,50mL).

![](pone.0124826.t001){#pone.0124826.t001g}

  Vibration       ν(OH) OR ν(NH)   ν(CH)     ν(C = O ~in\ COOH~)   δ(-OH)+ν(COO-)asym   ν(COO-)sym   δ(CCH)+δ (OCH)   ν(CN)     ν(CO)     C1-H deformation mannuronic acid residues   Mannuronic acid residues
  --------------- ---------------- --------- --------------------- -------------------- ------------ ---------------- --------- --------- ------------------------------------------- --------------------------
  SA              3426.00          2926.08                         1626.20              1415.84      1304.90                    1048.78   882.46                                      817.26
  PGA             3427.38          2932.50                         1611.70              1407.73                       1126.85   1042.42                                               
  SA-PGA          3425.39          2927.47                         1615.82              1419.41      1304.07          1088.34   1047.45   883.00                                      818.89
  SA-PGA-La       3425.41          2926.57                         1629.02              1418.88      1293.20          1088.84   1048.74   882.13                                      821.00
  SA-PGA-La-HCl   3427.61          2926.45   1733.96               1630.39              1417.69      1247.92          1066.94   1046.49   879.31                                      805.96

### Morphology {#sec018}

Distinct differences were observed in the morphologies between SA and SA-PGA gel beads ([Fig 4](#pone.0124826.g004){ref-type="fig"}). [Fig 4A and 4E](#pone.0124826.g004){ref-type="fig"} show the shapes of wet gel particles. Compared with the SA, SA-PGA had a larger size because of doping with poly-γ-glutamate(average diameter 1mm). The color of SA gel appeared semitransparent, but the SA-PGA particles were milk white. After freeze drying, the color of SA-PGA gel darkened. [Fig 4C, 4D, 4H and 4I](#pone.0124826.g004){ref-type="fig"} present SEM images (Hitachi S3400N SEM, Japan). Under 2000x magnification, SA-PGA exhibited a uniform porous structure, whereas the structure of SA appeared compact and non-porous. Consequently, SA-PGA had a larger specific surface area, which was beneficial to improve the adsorption efficiency.

![Digital photographs of SA gels (a, b, c, d) and SA-PGA gels (e, f, h, i).](pone.0124826.g004){#pone.0124826.g004}

Kinetic model {#sec019}
-------------

[Fig 5](#pone.0124826.g005){ref-type="fig"} presents the kinetic data of these two adsorbents under an initial REE ion concentration of 220 mg/L. As shown in [Fig 5A](#pone.0124826.g005){ref-type="fig"}, the adsorption process was rapid during the first 5 min and continued with a slower rate from 5--90 min, and then it reached adsorption equilibrium. To investigate the amount of adsorbed REEs, the kinetics for the adsorption of REEs by gel particles was modeled using pseudo-first-order and pseudo-second-order kinetics equations.

![Adsorption kinetic curves (a) and pseudo-second-order plots (b) for the adsorption by gel particles.](pone.0124826.g005){#pone.0124826.g005}

The characteristic parameters and regression coefficients (*r* ^*2*^) of the models were determined by linear regression analysis and are listed in [Table 2](#pone.0124826.t002){ref-type="table"}. According to the linear pseudo-second-order plot obtained by plotting *t/Q* ~*t*~ vs. t (in [Fig 5B](#pone.0124826.g005){ref-type="fig"}) and the *r* ^*2*^ value, adsorption on the gel was successfully described by the pseudo-second-order model.

10.1371/journal.pone.0124826.t002

###### Pseudo-first-order and pseudo-second-order kinetic parameters for the adsorption of REE ions. (C~0~: 220 mg/L).

![](pone.0124826.t002){#pone.0124826.t002g}

  REEs                 Pseudo-first-order model   Pseudo-second-order model                              
  ----------- -------- -------------------------- --------------------------- -------- -------- -------- --------
  SA-PGA-La   160.39   0.0253                     95.94                       0.8903   0.0003   166.67   0.9929
  SA-La       59.67    0.0138                     34.04                       0.7896   0.0009   62.50    0.9920
  SA-PGA-Ce   139.23   0.0207                     61.94                       0.7777   0.0008   142.86   0.9978
  SA-Ce       59.63    0.0184                     19.45                       0.9448   0.0027   62.50    0.9989

Thermodynamic model {#sec020}
-------------------

### Adsorption isotherms {#sec021}

The equilibrium adsorption isotherm is one of the most important parameters for understanding the mechanism of the adsorption system\[[@pone.0124826.ref022]\]. It describes the relationship between *Q* ~*e*~ and *C* ~*e*~ at a certain temperature. In this work, temperatures of 298.15 K, 308.15 K, and 318.15 K were selected to investigate the adsorption of REE ions. Additionally, the corresponding adsorption isotherms were plotted. The results are presented in [Fig 6](#pone.0124826.g006){ref-type="fig"}.

![Adsorption isotherms of La^3+^ and Ce^3+^ on SA-PGA gel particles.](pone.0124826.g006){#pone.0124826.g006}

Traditionally, the adsorption process can be described using the Langmuir and the Freundlich isotherms. The Langmuir model assumes that adsorption occurs at specific homogenous sites within the adsorbent, and it has been successfully applied in many monolayer adsorption studies\[[@pone.0124826.ref023]\]. The Freundlich model assumes a heterogeneous adsorption surface with sites that have different energies of adsorption and that are not equally available\[[@pone.0124826.ref024]\].

From the experimental data, the adsorption equations were obtained using Eqs ([5](#pone.0124826.e005){ref-type="disp-formula"}) and ([6](#pone.0124826.e006){ref-type="disp-formula"}). The isotherm constants and correlation coefficients (*r* ^*2*^) were calculated by plotting *C* ~*e*~ */Q* ~*e*~ vs. *Ce* and *ln Q* ~*e*~ vs. ln Ce and are presented in [Table 3](#pone.0124826.t003){ref-type="table"}. The *K* ~*L*~ values are the key parameters for calculating the thermodynamics constants. Additionally, it is generally stated that values of n ranged from 2to 10 representing good adsorption. The results indicated that the values of n were all greater than 2, which implied that REE ions were favorably adsorbed by the gel. By comparing the adsorption equilibrium constants and the adsorption affinities of these two types of materials, it was observed that the combination with poly-γ-glutamate was beneficial in enhancing the adsorption efficiency. Through the combination of internal structure and composition, the thermodynamic features of SA-PGA exhibited superior mass transfer ability.

10.1371/journal.pone.0124826.t003

###### Isotherm constants and correlation coefficients for the adsorption of REEs on gel particles at different temperatures.

![](pone.0124826.t003){#pone.0124826.t003g}

  REEs            Langmuir isotherm   Freundlich isotherm                                                                                      
  ------ -------- ------------------- --------------------- -------- -------- -------- -------- --------- --------- -------- -------- -------- --------
  La     298.15   163.93              81.97                 0.2276   0.0462   0.9997   0.9975   41.1243   7.3272    2.4969   1.8539   0.9387   0.9683
  Ce     298.15   153.85              90.91                 0.2539   0.0303   0.9958   0.9925   44.5316   5.5639    2.8910   1.6964   0.9733   0.9920
  La     308.15   172.41              84.03                 0.2974   0.0619   0.9991   0.9992   47.5271   9.2424    2.4522   1.9320   0.9476   0.9788
  Ce     308.15   158.73              81.97                 0.3043   0.0644   0.9932   0.9952   48.9207   9.6688    2.9019   2.004    0.9846   0.9799
  La     318.15   178.57              80.65                 0.5490   0.0965   0.9997   0.9987   62.7965   12.4336   2.4832   2.1468   0.9454   0.9802
  Ce     318.15   166.67              75.19                 0.3636   0.1254   0.9944   0.9939   53.2821   14.8530   2.7894   2.4510   0.9885   0.9908

### Calculation of the thermodynamic constants {#sec022}

In the present study, the thermodynamics of the adsorption process were investigated in terms of the Gibbs free energy (*ΔG*), enthalpy (*ΔH*), and entropy (*ΔS*) \[[@pone.0124826.ref025]\]. The effect of temperature on the adsorption process was studied at three temperatures (298.15 K, 308.15 K, and 318.15 K) and five different concentrations of REE ions. *ΔH* and *ΔS* were calculated from the slope and intercept of the linear plot of *ln (Qe/Ce)* vs. *1/T* according to Eq ([7](#pone.0124826.e007){ref-type="disp-formula"}), i.e., the Van\'t Hoff equation. The values of *ΔG* were calculated using Eq ([8](#pone.0124826.e008){ref-type="disp-formula"}). $$\ln\frac{Q_{e}}{C_{e}} = - \frac{\Delta G}{RT} = - \frac{\Delta H}{RT} + \frac{\Delta S}{R}$$ $$\Delta G = - RT\ln\frac{Q_{e}}{C_{e}}$$

The thermodynamic constants are shown in [Table 4](#pone.0124826.t004){ref-type="table"}. Because all of the values of *ΔG* were negative, the process could occur spontaneously at room temperature. The absolute values of *ΔG* increased with increasing temperature. Additionally, these values showed that the increasing temperature improved the feasibility of the adsorption process\[[@pone.0124826.ref026]\]. Moreover, the absolute values of SA-PGA were considerably larger than those of SA. This result indicated that after cross-linking of poly-γ-glutamate, the adsorption capacity had greatly increased. Because all the values of *ΔH* were positive, the adsorption was an endothermic process. In other words, the higher the temperature of the system, the better the result. Viewed from values of *ΔH* (20.1\~418.4 kJ/mol), the process was more inclined to chemical adsorption\[[@pone.0124826.ref027]\]. The degrees of freedom on the liquid-solid surface increased during the adsorption process. This increase might be because the solute molecules lost some of their degrees of freedom during the process of exchanging from the liquid phase to the solid-liquid interface. At the same time, the release of water molecules restored the state of relative freedom. Therefore, it caused the entropy to increase and eventually led to *ΔS*\>0.

10.1371/journal.pone.0124826.t004

###### Thermodynamic parameters for the adsorption of REEs on the gel particles.

![](pone.0124826.t004){#pone.0124826.t004g}

  REE ion concentration (mg L^−1^)                            ΔG (kJ/mol) at temperature                                                                 
  ---------------------------------- ---- --------- --------- ---------------------------- ---------- --------- --------- --------- --------- ---------- ---------
  60                                 La   40.9797   32.1087   164.4509                     115.9803   -8.1942   -2.5314   -9.3893   -3.5537   -11.5034   -4.8585
  60                                 Ce   23.4621   17.7614   108.2483                     65.3480    -8.7987   -1.7115   -9.9242   -2.4265   -10.9618   -3.0163
  100                                La   39.6744   22.6640   157.3840                     83.4726    -7.3888   -2.2282   -8.5895   -3.0470   -10.5544   -3.8985
  100                                Ce   14.9985   7.5062    76.2477                      29.3700    -7.7327   -1.2623   -8.4993   -1.5186   -9.2576    -1.8514
  140                                La   36.2324   23.8113   143.9985                     84.8028    -6.8022   -1.5279   -7.9636   -2.2414   -9.6959    -3.2310
  140                                Ce   20.6603   5.8634    89.4586                      21.9956    -6.0583   -0.7004   -6.8216   -0.9020   -7.8536    -1.1412
  180                                La   43.7649   17.6506   164.0352                     62.5629    -5.3574   -0.9859   -6.3468   -1.6503   -8.6674    -2.2354
  180                                Ce   21.9656   7.7920    89.2092                      26.5017    -4.6965   -0.1055   -5.3656   -0.3828   -6.4905    -0.6350
  220                                La   35.6754   16.9107   132.3589                     57.2835    -3.8603   -0.1413   -4.9852   -0.7896   -6.5170    -1.2838
  220                                Ce   20.3859   5.6145    80.2966                      18.8811    -3.5778   -0.0224   -4.3152   -0.1877   -5.1868    -0.4010

Desorption experiments {#sec023}
----------------------

For the enrichment or circulation of REEs, desorption is another key issue. In this work, 0.05 M hydrochloric acid solution was used as the eluent. Additionally, the desorption rate was greater than 99.00%. During the first ten adsorption-desorption cycles, these two adsorbents could retain their adsorption capacities ([Fig 7](#pone.0124826.g007){ref-type="fig"}). However, their adsorption capacities subsequently began to slowly decrease. During the experiments, the hydrochloric acid served not only as the desorption agent but also as the modifier that could help to improve the adsorption ability. Due to the release of Ca^2+^ during the adsorption-desorption process\[[@pone.0124826.ref028]\], the corresponding binding sites were replaced by the R^3+^. Additionally, a new bright silver metallic luster appeared on the surface of the adsorbents.

![Regeneration of these two gel particles (Adsorption conditions: 30 ml of 0.05 M hydrochloric acid solution, 30 min, 150 rpm, 30°C).](pone.0124826.g007){#pone.0124826.g007}

Conclusions {#sec024}
===========

This study showed that SA-PGA gel particles possessed a considerable adsorption capacity for REEs(Ⅲ). High or low pH conditions inhibited adsorption. From Sc to Lu, adsorbent showed good adsorption on them. The pseudo-second-order kinetic model agreed well with the dynamic adsorption. The thermodynamic parameters indicated that the adsorption was an endothermic process and could occur spontaneously. The adsorption mechanism might be cation exchange between---COOH and R^3+^ according to FTIR. The SA-PGA particle exhibited a preferential effect on both high and low concentrations of REEs. It still maintained good adsorption capability after 10 adsorption-desorption cycles. SA-PGA can be potentially used in recycling of REEs.
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